This paper describes a technique for growing filamentous cells of Escherichia coli with defined shapes, including crescents, zigzags, sinusoids, and spirals. The procedure begins with the fabrication of embossed microchambers in agarose. Cells are trapped in the chambers by placing a flat, flexible "ceiling", either a slab of agarose or poly(dimethylsiloxane), against an agarose mold on which a suspension of cells has been added; the use of agarose keeps cells hydrated and allows nutrients to diffuse into the chambers. Cells grown in microchambers in the presence of cephalexin grow into a multinucleate, nonseptate, filamentous phenotype and adopt the shape of the microchambers. The resulting cells are motile and can be released by removing the "ceiling" from the agarose microchambers and rinsing the cells into solution.
This paper describes a technique for controlling the shape of filamentous cells of Escherichia coli. We seeded agarose microchambers with single cells of E. coli and found that filamentous cells grown in the spatial confinement of microchambers both adopted the shape of the chamber and retained that shape when released. Cells with different shapes -crescents, zigzags, sinusoids, and spirals -were motile, but the shape markedly affected the swimming behavior of the cells. This work demonstrates a technique for the fabrication of cells of bacteria with defined shapes without genetic manipulation. These shaped, filamentous cells should be useful for studying: (i) "optimal" shapes for selfpropelled, microstructures swimming at low Reynolds numbers; (ii) relationships between the shape of cells and their behavior while swimming; and (iii) relationships between the mechanical stress of confinement during growth and the resulting distribution of proteins that are responsible for the elongation, division, and shape of cells of bacteria.
Individual cells of E. coli are rod-shaped and are approximately 800 nm wide and 2.5 µm long. Filamentous cells of E. coli are long, multi-nucleoid, and form when normal cells elongate and replicate their DNA, but do not septate and divide. 1 These elongated cells act as if they were "normal" cells -they express genes normally 2 and continue to synthesize flagella. 3 The absence of a septum s the dividing wall that forms prior to cell division s allows small molecules to diffuse the length of the long, continuous interior of the cell. 4 Filamentous cells of E. coli have been used to study swimming and chemotaxis, [3] [4] [5] cell growth and division, 2, 6, 7 the coordination of flagellar motors, 4, 5 and the distribution and partitioning of new peptidoglycan during the expansion of the cell wall and formation of the septum. 6 E. coli cells move through solution in approximately straight "runs" and redirecting "tumbles". Cells swim by rotating several helical flagella; each flagellum is 20 nm wide and 10 µm long. 8 The rotating flagella (counterclockwise) of E. coli exert a forward thrust on the body of the cell that propels the cell through the solution; the torque produced on the body of the cell causes the cell to rotate. 8 For a normal cell of E. coli, the axis of rotation is collinear with the flagellar bundle. 9 Cells can effectively translate through a solution if the flagella generate sufficient thrust to overcome the viscous drag on the body of the cell (which depends on the shape of the cell). The swimming speed of normal cells of E. coli is approximately 20 µm/s and the rotational speed is approximately 10 Hz. 9 Filamentous cells of E. coli have been shown to swim at approximately 11 µm/s and to alternately "run" and "stop" in solution instead of "run" and "tumble". Penicillin-binding proteins are responsible for the polymerization of the peptidoglycan layer in the cell wall of bacteria and are important in regulating the shape of cells. The filamentous phenotype has been generated by inhibition, mutation, or deletion of penicillin-binding protein 3 (PBP3, E.C. 3.4.16.4; also referred to as FtsI). 6, 7, 10 PBP3 is responsible for cross-linking the peptidoglycan wall in the division septum of E. coli and can be inhibited by -lactam antibiot-ics, such as cephalexin. 7 Deleting one or more of the other eight penicillin-binding proteins results in cells with a filamentous, spherical, or branched shape. [11] [12] [13] Mutations in other proteins involved in cell scaffolding (Mre and Mbl proteins) and cell division (FtsZ and Min proteins) also result in cells with altered morphologies. [14] [15] [16] [17] Poly(dimethylsiloxane) (PDMS) microchambers have been used to effectively confine and study single proteins. 18, 19 Rondelez et al. confined single molecules of F1-ATPase by pressing a PDMS stamp with embossed microchambers against a flat glass plate on which an aqueous suspension of motor proteins had been deposited. When the distance between the chambers was only a few microns, motor proteins (size range 10-1000 nm) were largely captured in the chambers; very few proteins were trapped between the bottom of the PDMS stamp and the glass slide. 18 Here, we have used a similar approach to trap bacterial cells in an array of microchambers in agarose. The use of agarose microchambers allowed us to grow cells in an environment in which nutrients continuously diffused into the chambers. Figure 1 summarizes the method we used to control the shape of filamentous cells.
We prepared agarose chambers by replica molding against a master that contained features of photoresist (SU8, MicroChem Corp.) in bas relief fabricated using photolithography or by replica molding against a poly(dimethylsiloxane) stamp made by soft lithography. 20 Hot, liquid media (1% tryptone, 0.5% sodium chloride, 0.05% BSA, and 20 µg/mL cephalexin, 65°C) containing agarose (2%, w/v) was poured on the masters and allowed to gel for at least 15 min. The slab of agarose was peeled away from the master, and a suspension of E. coli cells (5 µL, ∼ 10 4 cells/µL, strain AW405 21 ) was placed on the agarose substrate; cells were grown in solution at 31-33°C on a rotary shaker (150 rpm) for 2 h by diluting a saturated liquid culture 1:100 into 5 mL of fresh TB-broth (1% tryptone, 0.5% sodium chloride, pH 7.0). To confine cells, a "ceiling" consisting of a flat slab (1-2 mm thick) of agarose (0.5% agarose w/v in 1% tryptone, 0.5% sodium chloride, 0.05% BSA, and 20 µg/mL cephalexin) or a film of PDMS (150 µm thick) was placed on top of the agarose chambers. We adjusted the concentration of cells to avoid trapping more than one cell in each chamber. Cells confined in agarose microchambers were grown at 31-33°C in an incubator or on a temperature-controlled microscope stage for 2-3 h (see Figure 1c ). The presence of cephalexin -an antibiotic that inhibits PBP3 -produced the filamentous phenotype. 7 We observed the growth of filamentous cells using phasecontrast microscopy on a temperature-controlled microscope stage set at 32°C. Over a period of 2 h, cells that were confined in donut-shaped wells grew into filamentous cells that had a characteristic, circular shape (Figure 2a) . We measured the growth of 14 cells in the same array of chambers and found that the rates of growth were similar and were exponential ( Figure 2b) ; the starting length of the cells was 4.2 ( 2.1 µm. The "doubling-time" 22 s here the time required for cells to double in length s of these cells was 41 ( 4 min. The exponential growth of cells in these experiments demonstrates that sufficient nutrients for growth are available to cells confined in microchambers. Using agarose microchambers with different shapes, we grew filamentous cells into circular, sinusoidal, and zigzag shapes (Figure 2d ). The efficiency of confinement (the percentage of cells confined in chambers relative to the total number of cells observed on the entire surface of the mold) was calculated for > 2000 cells using an array of donut-shaped microchambers (height ) 2.2 µm, diameter ) 8 µm, width of channel ) 3 µm, pitch ) 10 µm); Figure 1b shows a small area of this array of chambers. The efficiency of confinement for this pattern was 93%. The remaining 7% of cells grew on regions of the agarose between the embossed chambers. When cells were grown in chambers with a zigzag geometry, such as those shown in Figure 2e , the cells initially grew straight and then adopted the shape of the pattern; the cells eventually grew out of the chamber. This result suggests to us that cells sense the mechanical stress imposed by the chamber and grow into a shape that minimizes the mechanical stress they experience.
We released filamentous cells from microchambers by removing the agarose or PDMS ceiling and rinsing the agarose chambers with growth media (TB broth, 0.05% BSA, and 20 µg/mL cephalexin) or placing a flow cell above the agarose chamber that consisted of a PDMS spacer and a glass slide. All of the filamentous cells grown in confinement in agarose microchambers maintained their shape when they were released into solution.
Filamentous cells of E. coli grown in circular microchambers formed crescents or spirals; the shape of the cells depended on the length of time they were left in the chambers and the height of the chambers. When cells were grown in chambers that were 1.3-1.5 µm tall with an outer radius of 10 µm for < 2 h, crescent-shaped filamentous cells formed. Figure 3a shows the distribution of the lengths of crescentshaped cells grown for 1.5 h. The variation in the length of cells during growth in microchambers was primarily due to the difference in the initial length of cells; the rate of growth of individual cells was similar (Figure 2b ). When cells were grown in chambers that were 2.2-2.5 µm tall with an outer diameter of 10 µm for >2 h, the filamentous cells wound around the chambers and formed spiral shapes ("springs") when released (Figure 3c ). Figure 3b shows the distribution of the diameter of crescent-shaped or spiral-shaped filamentous cells after release into solution; the coefficient of the variation (C.V.) in the diameter was approximately 8%.
We released cells from agarose microchambers into growth media (1% tryptone, 0.5% sodium chloride, and 0.05% BSA) with and without cephalexin (50 µg/mL), and continued to observe their growth in solution. When filamentous cells with planar, circular shapes were grown in media containing cephalexin, the cells grew larger and retained their circular shape (Figure 4a ). When spiral-shaped cells were grown in media containing cephalexin, the cells retained a spiral shape, but the pitch of the spiral expanded as a function of time (Figure 4b ). It appears that during the growth of shaped, filamentous cells, new peptidoglycan is inserted along the entire length of the cell. 6 Spiral, filamentous cells with a pitch of several microns would be difficult to grow by confinement in agarose chambers alone; additional growth of cells in solution after their release allowed us to modify further the shapes of filamentous cells.
Circular cells that were released from microchambers into growth media that did not contain cephalexin began dividing at what appeared to be random positions along the cells. Figure 4c shows a crescent-shaped cell dividing. After several hours of growth in media that did not contain cephalexin, all of the filamentous cells had divided into normal-size, motile cells of E. coli. (1) A master was fabricated in photoresist (SU8) using photolithography; (2) Hot growth media (65°C) containing 2% agarose was poured onto the master or a PDMS replica and allowed to gel; (3) The agarose gel containing imprinted chambers was peeled away from the master and seeded with cells of E. coli; (4) An agarose slab (0.5% w/v) or a thin PDMS film (150 µm thick) was placed on top of the suspension of cells to provide the ceiling for the chambers; (5) Cells were grown for 1-3 h at 33°C; (6) Cells were imaged using phase-contrast microscopy. (c) An image of donutshaped microchambers before the growth of filamentous cells of E. coli and after; the chambers had the following dimensions: height ) 2.2 µm, diameter ) 8 µm, width of channel ) 2 µm, and pitch )10 µm. The images were not modified in any way; bright halos around the cells are due to phase contrast imaging. When grown in agarose microchambers, shaped, filamentous cells grew flagella randomly along their length ( Figure  2c) . We observed the flagella by fluorescently labeling the cell body and flagella with a cyanine monoester reactive dye. 23 We collected video images of fluorescent, shaped, filamentous cells and analyzed the length and number of flagella for 24 cells; the cells were grown for 1.5 h in microchambers (width ) 2 µm, height ) 2.5 µm, inner diameter )10 µm). The average length of the cells was 13.7 ( 2.7 µm and the average number of flagella per cell was 13 ( 3 flagella. The average number of flagella per length was 1.0 ( 0.2 flagella per µm. Nonfilamentous, motile cells of E. coli are 2-5 µm long and typically have 1-2 flagella per µm. 23 We examined the movement of shaped filamentous cells after their release from the chambers using phase-contrast video microscopy. Figure 5a shows superimposed, time-lapse images of a crescent-shaped cell slowly translating in solution; the translational velocity and rotational frequency of this cell were 6 µm/s and 0.8 Hz, respectively. Figure 5b shows superimposed, time-lapse images of the movement of a spiral cell with a small pitch immediately after its release from a microchamber; this cell had a translational velocity of 5 µm/s. Cells with a larger spiral pitch were obtained by additional growth in solution after releasing spiral cells from microchambers. Figure 5c shows superimposed, time-lapse images of the movement of a spiral cell that had been released from a chamber and grown for 2 h at 25°C in growth media containing cephalexin; the translational velocity and rotational frequency of this cell was 15 µm/s and 1.5 Hz, respectively.
In conclusion, this procedure provides a simple route to motile, filamentous cells of E. coli with defined shapes. The use of agarose microchambers for confining cells allows us to grow filamentous cells into shapes; the shapes of cells are retained after release from the microchambers into solution and can be further modified by growth in solution in the presence of cephalexin. Our method predictably produces filamentous cells of E. coli with defined shapes; many additional shapes can be made with this method. We believe that these filamentous cells will be useful in examining the synthesis of peptidoglycan and its influence on cell shape, and the impact of mechanical stress on the growth of cells. We believe that this new technique may be useful for studying the biochemical components that determine the shape of cells, 24, 25 and the efficiency of movement of cells with different shapes; these studies may provide insight into the evolution of the shape of bacteria found in nature. 26 Finally, the confinement and study of cells of bacteria in agarose microchambers is not limited to filamentous cells of bacteria and may be a useful technique for studying any type of single, isolated cells in a hydrated, nutritive environment. All cells were released into TB broth (1% tryptone, 0.5% sodium chloride) containing 0.5% BSA and 20 µg/mL cephalexin. Cells were imaged using phase-contrast video microscopy.
